Eucalyptus bleached kraft pulp production, an important sector of the Brazilian national economy, is responsible for generating large volume, high pollutant load effluents, containing a considerable fraction of recalcitrant organic matter. The objectives of this study were to quantify the biological activity of the effluent from a eucalyptus bleached kraft pulp mill, characterize the nature of compounds responsible for biological activity and assess the effect of ozone treatment on its removal. Primary and secondary effluents were collected bimonthly over the course of one year at a Brazilian bleached eucalypt kraft pulp mill and their pollutant loads (biochemical oxygen demand (BOD), chemical oxygen demand (COD), total organic carbon (TOC), adsorbable organic halogen (AOX), lignin, extractives) and biological activity (acute and chronic toxicity and estrogenic activity) quantified. The effluent studied did not present acute toxicity to Daphnia, but presented the chronic toxicity effects of algal growth inhibition and reduced survival and reproduction in Ceriodaphnia, as well as estrogenic activity. Chronic toxicity and estrogenic activity were reduced but not eliminated during activated sludge biological treatment. The toxicity identification evaluation revealed that lipophilic organic compounds (such as residual lignin, extractives and their byproducts) were responsible for the toxicity and estrogenic activity. Ozone treatment (50 mg/L O 3 ) of the secondary effluent eliminated the chronic toxicity and significantly reduced estrogen activity.
INTRODUCTION
The Brazilian bleached kraft pulp industry is one of the world's largest, having produced almost 12 thousand tons of bleached eucalypt pulp in 2011 (Bracelpa ) . This industry is responsible for generating large volumes of effluent with high organic loads that must be treated before release to the environment. Specific water consumption in Brazilian kraft pulp mills varies from 23 to over 100 m 3 per ton of air dried pulp (Bachmann ) and organic loads vary from 60 to 150 kg chemical oxygen demand (COD) per ton of pulp (Morais et al. ) . Wastewater treatment in Brazilian pulp mills, as in most mills worldwide, is performed using activated sludge or aerated pond biological processes (Rodrigues et al. ) that present limited removal of recalcitrant organic compounds (COD), and mills may therefore discharge effluents to receiving waters that present risks to aquatic life (Hewitt et al. ; Diniz et al. ) .
Recalcitrant and biologically active substances in pulp mill effluents originate from wood components, principally lignin and lipophilic extractives (Hewitt et al. ; Leiviska et al. ) . Studies with model ecosystems have shown a direct correlation between remaining organic matter and effluent biological activity such as toxicity and endocrine disruption in the aquatic environment and therefore pulp mill effluent environmental impacts continue to be the focus of research (Orrego et al. ; Diniz et al. ; Costigan et al. ) .
Considering that bleached kraft pulp mill effluents can contain substances harmful to aquatic life, even after biological treatment, treated effluent biological activity must be assessed and the substances responsible for the activity characterized in order to develop strategies for their removal. Kraft pulp mill effluent composition and thus treatability and potential environmental impacts vary with the wood raw material, production processes and specific water consumption (Mounteer et al. ) and therefore studies from different mills will contribute to a better understanding of the scope of the problem. The main objectives of the present study were therefore to quantify the biological activity in the effluent from a Brazilian eucalypt bleached kraft pulp mill, determine the nature of the substances responsible for this activity and evaluate an advanced treatment alternative for its elimination.
METHODS

Effluent sampling and characterization
Primary and secondary effluents were obtained from the activated sludge system of a Brazilian mill that produces approximately 900,000 tons of elemental chlorine free (ECF) bleached eucalypt kraft market pulp per year. The samples were collected at the inlet of the aeration tank (primary effluent) and the outlet of the secondary clarifier (secondary effluent), every two months over a ten month monitoring period, for a total of five samples of each type. Effluent samples were characterized according to physicochemical characteristics and biological activity in order to verify the impact of biological treatment on these characteristics. Parameters were quantified according to the Standard Methods (APHA ) as follows: pH by method 4500H þ B (Digimed DR20 pHmeter, São Paulo); COD by the closed reflux, colorimetric method (5220D); biochemical oxygen demand (BOD) by the azide modified Winkler method (5210B); lignin by the Folin phenol method (5550B) and color by the spectrophotometric method after adjusting effluent pH to 7.6 (method 2210C). Carbohydrates were quantified by the anthrone sulfuric acid method (Jenkins et al. ) . All spectrophotometric analyses (COD, lignin, carbohydrates, color) were performed using a Hach DR 5000 spectrophotometer (Loveland, USA). Organochlorine compounds, measured as adsorbable organic halogen (AOX) were quantified by method W9 (SCAN ) in a Euroglas 1600 analyzer (Delft, The Netherlands). Lipophilic extractives were determined gravimetrically after dichloromethane extraction, as proposed by Silvestre et al. () .
The samples were fractioned into high molar mass (HMM) and low molar mass (LMM) fractions in an ultrafiltration cell (Amicon 8200, Millipore, Billerica, USA), equipped with a 500 g/mol molecular weight cutoff (MWCO) membrane (Amicon YC05, Millipore). The effluent fractions separated by molar mass were reconstituted to their original volume with distilled water and then submitted to physicochemical analysis and toxicological assays.
Aquatic toxicity assays
Three aquatic toxicity tests were performed according to the Standard Methods (APHA ): Daphnia similis 48 hour acute immobilization test (method 8711), chronic toxicity effects on survival and reproduction of Ceriodaphnia dubia (method 8712) and Pseudokirchneriella subcapitata algal growth inhibition (method 8112). Daphnia results were reported as the 50% effective concentration (EC 50 , %), the effluent concentration that immobilized 50% of the organisms exposed, calculated by the Probit method using the Comprehensive Environmental Toxicity Information System (CETIS, Tidepool Scientific, McKinleyville, USA). Ceriodaphnia results were reported as the no observable effects concentration (NOEC, %), the highest effluent concentration that produced no significant difference in survival or reproduction from the control, and the lowest observable effects concentration (LOEC, %), the lowest effluent concentration that caused a statistically significant effect, both calculated by Dunnett's multiple comparison test using CETIS. Algal results were reported as IC 25 (%), the effluent concentration that reduced algal growth by 25%, estimated using a linear interpolation method available from the United States Environmental Protection Agency (USEPA ).
Estrogenic activity
The yeast estrogen screening (YES) assay was carried out according to the method proposed by Routledge & Sumpter () using the genetically modified yeast Saccharomyces cerevisiae that carries the human estrogen receptor (hER) gene and the lac-Z reporter gene used to measure the receptor's activity in the presence of estrogenic compounds. The analyses were performed in 96-well microtiter plates under sterile conditions. Briefly, serial dilutions of effluent and assay medium (recombinant yeast and the chromogenic substrate chlorophenol red-ß-D-galactopyranoside) were dispensed to each well, the microtiter plates were sealed and shaken vigorously for 5 min (CERTOMAT II B plate shaker, Braun Biotech International, Darmstadt, Germany) and incubated for 3 days at 30 W C (Nova Ética incubator, São Paulo, Brazil). After incubation, absorbance at 540 nm (A 540 ) and optical density at 640 nm (OD 640 ) were read in a spectrophotometer (THERMO Max plate reader, Porto Alegre, Brazil). Absorbance values were corrected for turbidity by subtracting OD 640 values from A 540 before transforming the latter to concentrations. Results were expressed as estradiol equivalent concentrations (EQ-E2), by comparison with a standard curve prepared with 17βestradiol (Sigma-Aldrich, Germany) and adjusted to the logistic function using the Origin software (OriginLab, Northampton, USA).
Toxicity identification evaluation -TIE
Secondary effluent underwent a simplified toxicity identification evaluation (TIE), carried out according to the United States Environmental Protection Agency procedures (USEPA , ). The TIE procedure is based on a series of physical and chemical manipulations of effluent samples that separate different classes of compounds and determine the potential toxicity of each one (USEPA ). The effluent manipulations performed and their objectives were as follows. pH adjustment can irreversibly affect solubility, polarity, volatility, stability and speciation and therefore bioavailability and toxicity. Effluent pH was adjusted to pH 3 by adding 0.1 mol/L hydrochloric acid and to pH 11 by adding 0.1 mol/L sodium hydroxide. Samples were held for 1 hour at acid or alkaline pH and then readjusted to neutrality before toxicity testing.
Filtration is used to determine if toxicity is due to dissolved solids or suspended particles. Effluent without pH adjustment was filtered through glass fiber filters (Millipore AP40, Billerica, USA) and the filtrate used in toxicity tests.
Aeration is used to determine if toxicity is due to volatile and, or oxidizable compounds. Fifty millilitres of effluent were moderately aerated (approximately 50 mL of air/min) during 1 hour using a porous stone aerator attached to an air pump before toxicity testing.
Solid phase extraction (SPE) is used to determine if toxicity is due to organic compounds or non-polar metal complexes. Effluents were pre-filtered in glass fiber filters (Millipore AP40) and then vacuum filtered through C18 reverse-phase cartridges (500 mg × 3 mL, Strata C-18E, Phenomenex, São Paulo). Before use, cartridges were activated by washing with 10 mL methanol, followed by 10 mL deionized water. Samples were filtered at a slow and constant rate (approximately 1 mL/min) to avoid carry over. After sample extraction, the cartridges were washed with 10 mL aliquots of 10, 20 and 30% methanol in series and the extracted matter was then eluted from the cartridges with 5 mL acetone. The acetone was evaporated; the dried samples were dissolved in 5 mL methanol and reconstituted to their original volume with distilled water prior to analysis.
EDTA chelation is used to determine if cationic metals are responsible for toxicity. Two millilitres of 0.01 mol/L ethylenediaminetetracetic acid (EDTA) were added to 100 mL of effluent and stirred for 1 hour before toxicity testing.
Ozonation
Based on the results of the TIE procedure, secondary effluent was treated with ozone to assess reduction in biological activity. Ozonation was carried out in a vertical glass bubble reactor held at 30 W C, coupled to a second reactor containing potassium iodide to capture and quantify residual ozone. The O 3 flow in the generator (Sumitomo Precision Products, model SG01A, Japan) was adjusted to 5 mg/min and the application time needed to obtain a dose of 50 mg/L was established based on this flow.
Ozone treatment conditions were based on results of a previous study (Morais et al. ) .
All physicochemical analyses and toxicity assays were performed at the Water Quality Control Laboratory and ozone treatment at the Pulp and Paper Laboratory of the Federal University of Viçosa.
RESULTS AND DISCUSSION
Physicochemical characterization
Physicochemical characterization of the primary and secondary effluents is presented in Table 1 . Treated effluent quality was in compliance with the mill's discharge permit (BOD < 60 mg/L and COD < 300 mg/L). The mill activated Physicochemical characterization of the HMM and LMM effluent fractions is presented in Table 2 . Most of the dissolved organic matter was found in the HMM fractions of the primary and secondary effluents. The only exceptions were greater BOD and carbohydrate contents in the LMM fraction of the primary effluent. Greater removal efficiencies were observed in LMM fractions than in HMM fractions of COD, BOD and carbohydrates; evidence of the more efficient removal of LMM soluble organic compounds during aerobic biological treatment (Morais et al. ) . On the other hand, while HMM fractions of lignin, color and AOX decreased after biological treatment, their LMM fractions remained similar or even increased slightly, probably as a result of transformation of HMM substances into LMM compounds during treatment, as previously observed (Mounteer et al. ; Medeiros et al. ) .
Toxicity
The effluent samples presented no acute toxicity to D. similis over the 10 month monitoring period. However, primary effluent consistently presented chronic toxicity to P. subcapitata (Table 3 ) and C. dubia (Table 4) , the latter tests performed only in the last two of the five bimonthly samples. Effluent chronic toxicity was clearly not removed by activated sludge treatment, and although there was a slight decrease in toxicity to P. subcapitata (increase in IC 25 values), toxicity to C. dubia was virtually unaffected. Although the effluent meets state toxicity discharge limits as the chronic toxicity indices (IC 25 , LOEC) were in the range of 10-20%, corresponding to five to ten-fold effluent dilutions while the effluent is diluted over one-hundred fold when discharged to the receiving water, accumulation of potentially toxic substances in the aquatic environment remains a concern and should be investigated. Toxicity was consistently higher (lower IC 25 values) in the HMM effluent fractions, which contained more recalcitrant organic matter, expressed as COD, lignin and AOX (Table 2) and efforts should be focused on improving removal of the HMM fraction.
Estrogenicity
The effluent presented estrogenic activity (Table 5) 17β-estradiol concentrations on the order of ng/L can already cause damage to aquatic life, such as changes in the reproductive system of fish. Given the level of estrogenicity detected in the secondary effluent (μg/L), it is possible that organisms in the receiving water are being affected, and studies on the health of the aquatic ecosystem in the vicinity of the effluent discharge are recommended.
Toxicity identification evaluation
Chronic toxicity (P. subcapitata growth inhibition, IC 25 ) and estrogenic activity (EQ-E2, μg/L) after each manipulation performed in the TIE procedure are presented in Figures 1  and 2 , respectively. SPE produced the greatest reductions in toxicity (increased IC 25 values) and estrogenicity (decreased EQ-E2 values). Furthermore, when the material retained on the SPE cartridges was eluted, its toxicity (IC 25 ¼ 19.2%) was similar to that of the original effluent. SPE removes non-polar organic compounds and metal complexes from effluents (USEPA ). As chelation with EDTA had no effect on toxicity, it can be assumed that the 
Ozone treatment
As the TIE procedure indicated that non-polar organic compounds were responsible for secondary effluent toxicity and estrogenicity, chemical oxidation using ozone was evaluated as a tertiary treatment to destroy the biological activity caused by these compounds. Ozone effectively reduced effluent lignin and extractives contents and eliminated chronic toxicity (Tables 6 and 7) , confirming previous literature reports ( Estrogenic activity was only detected in one sample, at ng/L levels, representing a thousand-fold reduction. However, even low levels of estrogens can have adverse effects on aquatic organisms (Fent et al. ) , and ozone treatment conditions should be further optimized to completely destroy this residual estrogenicity. Ozone is known to react with phenolic groups, present in residual lignin and many lipophilic extractives, such as those responsible for estrogenic activity. When the phenolic structure is degraded, these compounds lose their biological activity (Birkett & Lester ) .
CONCLUSIONS
The eucalypt bleached kraft pulp mill effluent studied did not present acute toxic effects in Daphnia but caused chronic effects of algal growth inhibition and reduced survival and reproduction in Ceriodaphnia as well as estrogenic activity. Although activated sludge treatment produced effluent in compliance with discharge limits over the 10 month study period, it did not eliminate the chronic effects and had no effect on estrogenicity. The HMM effluent fractions (>500 g/mol) contained a greater portion of recalcitrant organic substances (COD, lignin) and presented higher chronic toxicity than the LMM fractions, both before and after biological treatment. Future studies should be performed in the receiving waters near the mill discharge, as recalcitrant organics with biological activity may be accumulating to levels harmful to the aquatic ecosystem. A TIE performed on the treated effluent showed that SPE produced the greatest reductions in both chronic toxicity and estrogenic activity. The TIE results indicate that effluent biological activity was caused by non-or slightly polar organic compounds in the recalcitrant fraction of the effluent that includes residual lignin, extractives and their byproducts. Ozone tertiary treatment improved lignin and lipophilic extractives removal, eliminated effluent toxicity and significantly reduced estrogenic activity. Optimization of the ozone treatment to increase degradation of HMM organic matter and eliminate estrogenicity is recommended to minimize the environmental impacts of the mill effluent. Estrogenicity, E2-Eq, μg/L 7.6 ± 1.5 0-5.10 À3 a 5 mg O3/min; 50 mg O3/L; 30 W C.
